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SECTION 1 

INTRODUCTION AND SUMMARY 

A. PROGRAM OBJECTIVES 

The primary objectives of this program were to find and develop new 

infrared (IR) transmitting materials and provide new data on the electro

optic (EO) properties of those materials most likely to have an EO 

coefficient an order of magnitude higher than those of materials pres

ently in development for tunable filters. A higher EO coefficient would 

allow an engineering margin on designs for increased voltage from drive 

chips. In addition, numerous applications can be envisioned for such 

materials in sensor and communication systems. Since tensor symmetry is 

the same as for the EO tensor, such a material is also likely to have 

excellent piezoelectric properties and thereby have many uses as an 

ultrasonic transducer. Many of the materials can also be used in 

devices requiring collinear acoustooptic effects. 

B. BACKGROUND 

Approximately three years ago, personnel at Hughes Research 

Laboratories (HRL) reviewed the requirements for an IR transmitting, 
lspectrally tunable filter for the HALO program. We concluded that 

both the total power consumption and the drive power density would be 

excessive if an acoustooptic filter were used. This led us toward 

the invention of an electronic analog to the 68 filter. Such a filter 

would require orders of magnitude less drive power. Progress on the 

reduction to practice of this invention has been excellent, but develop

ment work is not without technical risks. The test-sample-acquisition 

and materials-development tasks we have already completed in pursuit· 

of the filter provided us with a data base of EO crystals (mostly 

crystals having the chalcopyrite structure (e.g., AgGaS 2), which was 

selected for the HALO program. A material having an EO coefficient an 

,I 

7
 























between the sulfur vapor and germanium, forming GeS (white in color),
Z 

which sublimed toa cooler portion of the tube. A total of six zone 

passes (three passes times two furnaces) was made following in situ 

heating during which the germanium sat in the higher temperature furnace 

until the reaction with sulfur appeared to have gone to completion. The 

resulting product was white crystalline GeS with a small residue of
Z 

yellow amorphous material (GeS ). The crystalline material was iderrti 2
fied by X-ray diffraction analysis to be orthorhombic GeS (see

ZSFigure 9). The melting point of GeS is reported to be 840 ± 5°C.
2 

The equilibrium phase diagramS for the system Ge-S is ShOWll in Figure 10. 

Two approaches were taken to grow single crystals of GeS : subli Z
mation and Bridgman techniques. In the preparation of GeS by direct

Z 
reaction of the elements, the observation that GeS sublimed readily

Z 
presented the possibility that GeS could be grown by sublimation. The

2 
compound was encapsulated under vacuum into a l-cm (i.d.) tube, 20 cm in 

length, and placed in a furnace with a flat profile at 700°C. The tube 

was pulled through the profile at a rate of 0.1 cm/hr for 15 days. No 

sublimation took place. The material was solid and polycrystalline. 

No information could be found on the vapor pressure of GeS at any
2 

temperature. Since the compound was observed to sublime and possibly 

to decompose at high temperatures, attempts at Bridgeman growth would 

increase the possibility of an explosion due to excessively high vapor 

pressures. The Bridgman method was tried in a furnace set at 850°C. 

The rate of growth was 2 rom/hr. The run was taken out of the furnace 

hot before the last remaining liquid had frozen. A dark brown vapor was 

observed above the compound, indicating a sulfur pressure over the melt 

and hence some decomposition. The result was a yellowish crystalline 

material identifed as GeS by X-ray diffraction (Figure 11), from which
2
 

single-crystal layers could be peeled. An amber-colored amorphous sec


tion (the last to freeze) was also identified as GeS by microprobe2
 
analysis.
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Table 3. Lattice Parameters ofI IV VI Compounds
2 3 
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Compuund Crystal 
Sy!>tcm 

a, 

" 
b, 
A 

c, 
A 

B, 
deg Reference 

CU 2SiS
3 

(H.T.) Hex 3.684 6.044 8 

Cu
2

SiS
3 

(L.T.) Tetr 5.290 5.078 8 

Ortho 11. 21 12.04 6.03 9 

Mono 11.51 5.34 8.16 9R.95 9 

Ortho 10.981 6.416 6.046 10 

Cu2SiSe 3 Mono 12.10 5.62 8.61 99 9 

CU 2SlTe 3 tlono 12.86 6.07 9.05 99 9 

Cubic 5.93 8 

. Cu2CeS 3 (H.T.) Cubic 5.317 8 

cu2ees 3 (L. T.) Tetr 5.326 5.219 8 

Tetr 5.320 JO.41 9 

Ortho 11.321 3.766 5.21 10 

Cubic 5.30 11 

Mono 6.433 11.300 7.533 125.17 12 

Mono 7.464 22.38 10.64 91.17 13 

Cu2GeSe 3 Tctr 5.595 5.482 8 

Tctr 5.590 10.97 9 

Ortho 5.591 5.562 5.488 14 

Cubic 5.55 11 

Tetr 5.591 5.485 15 

Ortho 11. 860 3.960 5.485 10 

Cu2GeTe 3 Tetr 5.956 5.926 8 

Tetr 5.916 11.85 9 

Cubic 5.95 11 

Cu2SnS 3 Cubic 5.445 8 

Tetr 5.426 10.88 9 

Cubic 5.43 11 

Cu2SnSe 
3 Cubic 5.696 8 

Tetr 5.689 11. 37 9 

Cubic 5.68 11 

Cubic 5.6877 15 

Cu2SnTe 3 Cubic 6.047 8 

Tetr 6.048 12.11 9 

Cubic 6.04 11 
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As a solution to these problems, we decided that capacitance 

measurements should be made with two blocking contacts. This also 

prevents carrier injection. The blocking electrodes consist of two thin 

(0.004 in.) sheets of Mylar with evaporated silver contacts. The Mylar 

capacitors have the same area as the test insulator. The insulator is 

sandwiched between the two Mylar capacitors, and the capacitance C and 
ill 

the equivalent parallel resistance R of the sandwich structure at a 
m 

frequency ware measured using a Boonton 750C capacitance bridge. The 

insulator is then removed from the sandwich, and the total capacitance 

C and shunt resistance R are measured at the same frequency, w. A 
s s 

network analysis of the equivalent circuits for the two cases yields the 

capacitance C and resistance R of the test insulator (as shown in
T T 

Appendix A. 

The frequency range was from 5 kHz to 100 kHz. These measurements 

were performed at room temperature using peak test signal levels of 1 to 

3 v. 
The static dielectric constant £ was obtained from the calculated 

s
 
capacitance (Appendix A) at any given frequency by using the formula:
 

CTd 
E z::: 

s 8.85 A 

where d is the thickness of the capacitor (in m), A is the area of
 
2


coincidence of the electrodes (in m ), and C is the measured capacitance
T
 

(in pF).
 

A general-purpose portable electrical test fixture was fabricated 

for dielectric constant,	 dissipation, resistivity (using Van der Pauw's
 
16


four-point probe method), dielectric breakdown, and EO coefficient. 

Measurements are possible with this apparatus at any temperature from
 
-7
77°c to 600°C. In addition, the fixture can be evacuated to 10. Torr. 

Figures 26 and 27 show some of the salient features of this facility. 

The measurements made on materials synthesized during this program are 

summarized in Table 4. Data on dissipation factor (tan 0) is given 

in Table 5. 
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Table 4. Dielectric Constants at Indicated Frequencies for Some 
Binary and Ternary Chalcogenides 

J 

:' .. _-_._" 

_J 

Compound Dielectric Constant Frequency, kHz 

GeS2 10.7 10 

GeSe 2 5.32 6 

5.31 10 

5.30 50 

5.30 100 

5.26 400 

AgGaS2 13.7 10 

AgGaTe2 200 5 

270 1000 

ZnSiAs
2 34.78 6 

34.65 10 

33.64 100 

32.91 400 

ZnGa2S4 62.1 6 

40.9 10 

35.8 20 

21. 3 50 

18.1 100 

13.5 400 

CulnSe
2 36.81 6 

36.15 10 

35.74 100 

35.71 400 

Cu2GeS 
3 49 10 

Cu2CdGeTe 4 60.3 10 

Cdln2Te 
4 

264.5 10 

'-' 

_J 
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Table 5. Dissipation Factor (tan 0) 
for Several Chalcogenide Materials 

Material tan 0 

ZnGa2S4 
Cu

2
GeS

3 
Cu

2
CdGeTe4 

Cdln2Te4 

0.499 

0.00028 

0.00364 

0.00515 

fLU 

Numerous samples were synthesized that could not be measured 

because their resistivities were too low for our set-up. These 

included: 

AglnSe2 
(Cu.Ag)GaS2 
AgGa(S,Se)2 

AglnTe2 
TISe 

Cdln S
2 4 

Ag(Ga,In)S2 

Ag AsS
3 3 

Anln Se
2 4 

Unfortunately, the scope of the program did not allow detailed 

study of these materials to allow us to control resistivity (e.g •• 

annealing, doping studies). This is discussed in more detail in 

Section 6. In addition, absorption causeq by free carriers precluded 

far-IR spectroscopy of many of these samples. 

B. DISCUSSION OF RESULTS 

Reproducibility of results was checked by measuring two separate 

samples from the same as-grown ingot at two different low frequencies. 
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The reproducilbility was fairly good. The small sample-to-sample 

variations noted were probably caused by minor local variations in 

structure, impurity, or defect concentrations. 

1. GeS2 

Figure 28 shows the dielectric constant as a function of frequency 

in GeS • The change in the dielectric constant is fairly small (10.73 at2
5 kHz as compared to 10.52 at 100 kHz). Figure 29 shows the dissipa

tion factor for GeS as a function of test frequency. The curve has2 
some interesting features. Two strong primary peaks are seen at 5.5 

and 65. kHz; these are followed by a definite, albeit weaker, secondary 

peak at 45 kHz. These dielectric relaxation peaks suggest separate, 

distinct relaxation processes and deserve further investigation. 

The data shown in Figures 26 and 27 represents measurements on only 
I 

one sample. Since the as-grown GeS crystal boule had a small diameter
2 

and the crystal tends to cleave easily, we were not able to obtain a 

large enough sample on which large-area electrodes could be formed. The 

small-electrode-area sample discussed above had only a small capaci

tance (a few pF). Because the capacitance of the test capacitor was 

so low, accurate measurements of the dielectric constant and dissipa

tion factor were very difficult. Larger crystals which would yield 

larger capacitance (SlOO pF) capacitors should be used to check the 

reproducibility and accuracy of the dielectric constant and the 

relaxation measurements. 

2. GeSe 2-
Figure 30 shows the variation of dissipation factor versus fre

quency of GeSe 2 ; the same plot for ZnGa 2S
4 

is shown in Figure 31. In 

the case of GeSe two dielectric relaxation peaks corresponding to2 , 

8.5 kHz and 70 kHz are observed. The plot for ZnGa S shows only a
2 4 

small peak at 27 kHz. The dielectric constant of ZnGa S is much
2 4 

higher at low frequencies (6 kHz) than similar constants for other 

materials that we have previously investigated in this project. 
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Figure 30. Tan 0 versus frequency for GeSe " 2
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7. Other	 Samples 

Samples of	 CulnSe and Ag AsS with thicknesses of 0.016 and
Z 3 3 

0.014	 in., respectively, showed no far-IR transmittance at a sensitivity 
, -3 -1level of T	 < 10 over'the frequency range 10 < V < 40 cm • 

All that we can conclude is that there is either very large absorp

tion in these samples or that the index of refraction is much greater 

than 10, giving very high-Q Fabry-Perot resonances that are smeared out 

by irregularities inthe sample thickness. 

Additional	 samples submitted for measurement were not transparent 
" in the far IR. Several low-resistivity samples with apparent free

carrier absorptions could not be analyzed by our methods. 
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Table 6. Results for LiNb0 and LiTa0
3 3 

LiNb0
3 

LiTa0 3 

Edc3 
28 43 

Edcl,2 43 41 

E*IE c 1.8 2.0 

Nb-O (Short) Nb-O (Long) Ta-O (Short) Ta-O (Long) 

0 

2r 1.889 A 2.112 1.891 2.071 
0 

f i 0.821 0.830 0.847 0.853 

-f 0.292 0.241 0.282 0.238 

r 33 r 51 r 33 r 51 

r ionic +19.9 +19.7 +27.8 +16.5 

r e1ec + 6.0 + 0.8 + 3.70 + 0.24 

theo 
r +25.9 +20.5 +31.5 +16.7 

sum 
r exptl +28 +23 +30 +15 

7209 

f = (kf - 1.48) f
i 

- 0.02 
we obtained 

-12 r c 220 x 10 m/V ± 30% •41 

This predicted value is a huge number (roughly 100X that of GaAs and 

lOX that of LiNb0 ). The main difference between this crystal and3
LiNbO as an example, is due to the factor: 

3' 
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